A self-consistent ensemble Monte Carlo simulation is used to study ultrafast electron transport in quantum well infrared photodetectors ͑QWIPs͒. It is shown that transient photocurrent triggered by a short infrared radiation pulse reveals a sharp peak followed by a relatively slow decay. The photocurrent peak is associated with the electron velocity overshoot effect while the slow component of the photocurrent is determined by the electron transit time and capture effects. The velocity overshoot effect results in the existence of a plateau in the QWIP frequency-dependent responsivity in the range of terahertz frequencies. © 1998 American Institute of Physics.
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Promising high-frequency performance has recently been reported for Al x Ga 1Ϫx As/GaAs quantum well infrared photodetectors ͑QWIPs͒, e.g., a signal of up to 82 GHz, which proves their great potential for ultrafast operation. [1] [2] [3] It has been shown theoretically 4 that a bandwidth in excess of 100 GHz can be obtained in properly designed QWIPs.
Device models based on electron drift-diffusion transport have been applied to QWIP analysis. [4] [5] [6] [7] [8] Such models are useful in assessing overall device performance but should not be applied to the simulation and design of QWIPs intended for ultrafast operation. In view of this an advanced device model of QWIPs that includes a full account of nonequilibrium transport mechanisms such as velocity overshoot and hot-electron phenomena is indispensable both for an indepth understanding of the QWIP ultrafast operation and design optimization of the device structure.
In this work, a self-consistent ensemble Monte Carlo simulator was developed for QWIPs made of III-V compound materials in order to investigate transient electron phenomena, their effects on the entire device performance and the feasibility of further improvement of the QWIP highfrequency characteristics.
We consider conventional QWIPs consisting of a multiple QW structure with thin, doped narrow-gap layers playing the role of QWs and relatively thick undoped wide-gap barrier layers sandwiched between doped contact ͑emitter and collector͒ regions. It is assumed that the QW width is chosen in such a way as to provide a single level of size quantization in each QW for the electrons of the ⌫ valley while the first excited level coincides with the barrier top. 9 The barriers width is assumed to be much larger than that of the QWs to prevent overlap of the electron wave functions corresponding to the QW bound states. The operation of QWIPs under illumination by infrared radiation is associated with the electron intersubband transitions from the bound states into the continuum states ͑due to both thermionic emission and photoexcitation͒, the electron capture into the QWs, the injection of the electrons from the emitter through the extreme barrier and the transport of excited and injected electrons across the QW structure in the self-consistent electric field. The latter is formed by applied bias voltage and electron and donor charges in the QW structure. These processes are taken into account in the present QWIP model. The electron transport in the continum states is accounted for in the framework of the ⌫-, L-, and X-valley conduction band model evoking all significant scattering mechanisms in a manner similar to that well described previously. 10, 11 It is assumed that the capture of the electrons passing through a QW is characterized phenomenologically 11 ͑see also Ref. 12͒ by the energy dependent capture probability. Because the electron capture into the QWs is associated primarily with the emission of optical phonons by the ⌫ electrons, 13 we assume that the capture probability is constant for energies below the optical phonon energy and becomes zero at higher energies. The capture of electrons from the upper valleys is neglected. The model takes into account the possible reflection of such electrons from the barriers corresponding to the QWs for the ⌫ electrons in the case of some heterojunctions ͑for example, the X electrons in Al x Ga 1Ϫx As/GaAs QW structures͒.
We study the response of QWIPs which are initially in steady-state condition to ultrashort pulses of infrared radiation. The steady-state parameters such as the electron sheet concentrations in the QWs, distribution of the electric potential and the current density for given structural parameters ͑materials of the QW structure, its period, and number of QWs͒, temperature and steady-state intensity of radiation are calculated using an analytical model developed previously by one of the authors. 8 Assuming that the duration of probing pulses is much shorter than all times characterizing the photocurrent relaxation the intensity of infrared radiation can be presented as 
where is the photoexcitation cross section, the function g() describes the energy distribution of the photoexcited electrons, n is the QW index, N is the number of the QWs and L is the period of the QW structure (LϭL w ϩL b , L w and L b are the QW and the barrier widths, respectively͒. In the case of the monoenergetically photogenerated electrons with isotropic distribution in momentum one has g() ϭ␦(Ϫ⌬), where ⌬ is determined by the difference between the photon energy ប⍀ and the QW ionization energy i . QWIPs made of Al 0.3 Ga 0.7 As/GaAs heterostructures at Tϭ77 K were simulated. They were chosen to have the photoexcitation cross section ϭ2ϫ10 Ϫ15 cm 2 , donor sheet concentration in each QW ⌺ d ϭ10 12 cm Ϫ2 , period Lϭ35 and 55 nm and number of QWs Nϭ4, 16, and 64. The band structure and scattering mechanism parameters were taken from papers by Brennan et al. 14, 15 The probability of capture of the ⌫ electron crossing a QW plane with the energy less than the optical phonon energy was asumed to be in the range cϭ0.25, 0.50, 0.75 and 1.00. The initial energy of the photoexcited electrons of ⌬ϭ0.01 eV was chosen. The characteristic tunneling electric field for the emitter barrier 8 was assumed to be E t ϭ340 kV/cm. Our analysis is restricted to the consideration of linear response, i.e., to relatively small pulse power, so that the steady-state potential distribution is not markedly disturbed.
Spatial distributions of the electrons of different valleys at different moments after the pulse are shown in Fig. 1 . It is seen that early in the evolution of the ⌫-electron system the spatial distribution of their concentration is quasi-periodic. Each peak of the concentration corresponds to electrons photoexcited from a particular QW. The number of the ⌫ electrons drastically decreases shortly after their appearance in the continuum states. This is because of the transitions of such electrons into upper valleys caused by the ⌫-electron heating in the electric field and due to the capture of some portion of them into the QWs. In contrast, the numbers of the L and X electrons increase at the early stage ͑simultaneously with the decrease of the number of the electrons in the ⌫ valley͒, remain nearly constant for some time, and then smoothly decrease mainly due to their progressive exit at the collector.
Figures 2 and 3 demonstrate the transient photocurrent and the frequency-dependent responsivity for the QWIPs with different structural parameters at different bias voltages. The responsivity as a function of the modulation ͑signal͒ frequency was calculated using the Fourier transform of the time dependent photocurrent. The duration of the photocurrent peak, associated with velocity overshoot, is determined by the time required for the ⌫ electrons to reach the energy sufficiently to transfer into upper valleys. It depends weakly on the number of QWs and the QW period. However, the photocurrent decay after the peak slows down perceptibly with increasing number of QWs N. This is associated with longer electron transit time in the QWIPs with larger N, i.e., wider QW structure width W ͑if its period L is fixed͒. The increase of the capture probability c leads to some shortening of the slow stage of the photocurrent decay. However, this effect can be pronounced if the number of the QWs is large enough when the effective electron capture time becomes shorter than the transit time. 4 As seen from Figs. 2 and 3 the QWIP response is slower and, consequently, the QWIP frequency-dependent responsivity roll-off corresponds to lower frequencies for the QWIPs with larger N. However, the QWIPs with larger N exhibit larger photocurrent and responsivity at moderate frequencies ͑compare with the previous results 4 ͒. One can point out that both characteristic times of the photocurrent ultrafast relaxation under consideration are several orders of magnitude shorter than the recharging time connected with the extra injection of the electrons from the emitter. 4, 5 Comparing the curves for the bias voltages VϾV th and VϭV th in Fig. 3 ͑curves for VϾ 2 V and Vϭ 2 V͒ one can see that the photocurrent peak is markedly shorter and the photocurrent in the slow decay region is slightly larger in the first case than that in the second one. This is due to the existence of the region near the collector where the electric field is very low if VϭV th . In this region the overshoot effect is not pronounced while the capture rate is higher. 8, 16 The latter is owing to relatively weak electron heating in the low field region.
The most interesting feature of the frequency-dependent responsivity seen in Figs. 2 and 3 is the existence of a plateau in the range of ultrahigh frequencies ͑in the terahertz range͒ followed by a roll-off at frequencies far exceeding the reciprocal lifetime of the photoexcited electrons in the QW structure. This feature is attributed to the velocity overshoot effect. This is seen from a comparison of the marked curve in Fig. 3 , calculated on the basis of an analytical model without inclusion of the nonequilibrium phenomena, 4 with the other curves obtained using Monte Carlo simulations. In particular, the responsivity of the QWIP with Nϭ 16 calculated using the Monte Carlo technique at 2 and 3 THz is aproximately 4.1 and 6.5 times higher than that calculated without the inclusion of the overshoot effect. The ratio of the plateau heights in the terahertz range and at moderate frequencies ͑10 GHz͒ obtained from Fig. 3 is about 0.15 . However, the plateaulike regions can merge if N is not large ͑see curve for Nϭ 4 in Fig. 2͒ . The ultrahigh frequency plateau can be used for QWIP operation at terahertz frequencies if the relatively low value of the responsivity is not too restrictive a factor.
In conclusion, we have analyzed the behavior of Al 0.3 Ga 0.7 As/GaAs QWIPs under the action of ultrashort pulses of infrared radiation using the developed Monte Carlo simulator. It has been found that the ultrafast relaxation of the photocurrent is characterized by two time constants. The fastest photocurrent component is associated with the electron velocity overshoot effect. It lasts until a significant portion of the electrons photoexcited from different QWs and heated in the electric field transfer from the ⌫ valley into upper valleys. The slower decay is determined by the electron transit time and capture effects. 
